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Introduction
Quaternary heteronium salts (QHS), especially those possessing cationic nitrogen or phosphorus atoms and melting points below the boiling point of water, called ionic liquids (ILs), possess unique chemical properties making them far more useful than their traditional role as replacement solvents. Applications of QHS are being discovered daily and extend from electro and physical chemistry to material and biological sciences. For example, QHS involve CO 2 capture, cellulose dissolution, materials for organic electronics, batteries, solar energy, metallo-and organocatalysis, biologically active compounds. The interest in QHS in the field of electrochemistry is due to the chemical and electrochemical stability, wide electrochemical windows, high electrical conductivities and ionic mobilities. Useful applications of QHS, especially those possessing imidazolium cation and being (ILs), include electrode deposition, electroanalysis, electrosynthesis, electrocatalysis, electrochemical biosensing and lithium batteries [1] [2] [3] [4] . Very recent, but less numerous studies concerning QHS (not being ILs) involve, the synthesis, characterization and dc conductivity of hydrogen-bonding dibenzotetrathiafulvalene based salts [5] and solid state voltammetry of anthraquinone molten salts [6] .
A further understanding of QHS properties can facilitate the development of new applications. Methylthiomethyleneisoquinolinium chloride (MTMIQ) (Schemes 1, 2) belongs to QHS family and so far has not been electrochemically studied. Due to its melting point exceeding 100°C it is not considered an ionic liquid.
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The aim of the work was to characterize the electrochemical properties of MTMIQ at the glassy carbon electrode using square wave voltammetry (SWV) and to develop a voltammetric method for its quantitative determination. Voltammetric pulse techniques were proposed by Barker and Jenkin [7] to improve the sensitivity of the voltammetric measurements, allowing quantitative determinations at concentrations in the range of 10 −7 to 10 −8 mol L -1 . The improvement in sensitivity was achieved by a significant increase of the ratio between the Faradaic and capacitive currents [8] . The square wave voltammetry is a pulse technique that offers the advantage of great speed and sensitivity. The excitation signal in SWV is obtained by applying a series of forward and reverse pulses superimposed onto a constant height staircase of potential to the working electrode. The current is sampled twice in each wave cycle: once at end of the forward pulse and once at the end of the reverse pulse. The signal is given by the difference between these two currents. The high sensitivity is attributed to the fact that, since the cathodic and anodic currents have opposed signals, the net current is larger than either the cathodic or anodic components alone [9] . The sensitivity increases when the accumulation step is applied (SW SV).
Experimental procedure

Apparatus
Voltammetric experiments were carried out using microAutolab type III/GPES (Version 4.9), (Eco Chemie, the Netherlands) and electrode stand type M164 (MTM Anko, Cracow, Poland). A three-electrode system consisting of a glassy carbon as a working electrode, a Pt wire as a counter electrode and Ag/AgCl (3 mol L -1 KCl) as a reference electrode was used. Glassy carbon was polished with alumina oxide powder between experiments. Solutions were deoxygenated with high purity argon for 10 minutes prior to each experiment. A CP-315M pH-meter (Elmetron, Poland) was used to measure the pH of the buffer solutions. All of the electrochemical measurements were carried out at room temperature.
The 1 H-NMR (200.16 MHz) and 13 C-NMR (50.33 MHz) spectra were recorded using a Bruker AC-200 spectrometer in CDCl 3 . The mass spectra of pure compounds were obtained using a Finnigan Mat 95 spectrometer. Organic solvents were purified by standard procedures.
Reagents and solutions
Methylthiomethyleneisoquinolinium chloride 2 (MTMIQ): To a stirred solution of isoquinoline 1 (2.86g, 0.02 mol) dissolved in n-hexane (20 mL), chloromethyl methyl sulfide (1.93 g, 0.02 mol, 1.88 mL) was added and the resulting solution was refluxed for 3h. After cooling to room temperature, the solvent was evaporated. The residue was washed by decantation with n-hexane (3×10 mL) and the finally traces of solvent were removed under vacuum to give pure 2, m.p.= 156°C (1.29 g, 81% yield 16, 127.06, 127.41, 131.38, 131.74, 133.92, 137.34, 137.47, 150.67 -1 phosphate -citrate buffers (pH 2.2 -6), 0.2 mol L -1 acetate buffers (pH 3.6 -5.5), borax buffers (pH 8.5) were used as supporting electrolytes. All solutions were prepared with deionized water.
SW voltammetric procedure
The general procedure used to obtain anodic voltammograms was as follows: 10 mL of the supporting electrolyte was placed in the voltammetric cell and the solution was purged with argon for 10 min. When the blank was recorded, the required volumes of the studied compound were added using a micropipette. Before recording of a voltammogram, the solution was deoxygenated for 30 s and a resting period of 45 s was applied. The voltammograms were recorded from -1 V to 1.2 V using the optimal parameters: frequency f = 130 Hz, amplitude E sw = 60 mV, step potential ΔE = 12 mV.
S. Smarzewska et al.
SW adsorptive, voltammetric procedure
The general procedure used to receive the product of oxidation was as follows: 10 mL of the citrate buffer (pH 5) and MTMIQ (c (MTMIQ) = 2×10 -3 mol L -1 ) was placed in the voltammetric cell and the solution was purged with argon for 10 min. Subsequently, the accumulation step was involved, using accumulation potential E acc = 0.75 V and accumulation time t acc = 180 min. When the accumulation step was finished, the glassy carbon electrode was gently removed from the cell and dipped into 5 mL of chloroform at room temperature. After 3 hours, the chloroform solution was evaporated and the residue was analyzed by spectroscopic techniques.
Results and discussion
3.1
Methylthiomethyleneisoquinolinium chloride 2, the representative of organosulfur QHS, has been synthesized in the quaternization reaction of isoquinoline 1 with chloromethyl methyl sulfide as a pink-red solid (m.p.=156°C) with a 81% yield (Scheme 1). The latter was obtained in the Pummerer reaction of dimethyl sulfoxide with 95% excess of thionyl chloride in methylene chloride in >90% yield (m.p. 104-106°C) [10] . Unlike alkylthiomethylene substituted imidazolium chlorides with longer carbon chains (alkyl = C 4 -C 12 ), the salt 2 has been the first representative of alkylthiomethylene substituted quaternary ammonium salts fully miscible with water which enabled electrochemical investigations in aqueous media (Scheme 1) [11] .
3.2
The synthesized methylthiomethyleneisoquinolinium chloride was electrochemically studied under conditions of square wave voltammetry. As a preliminary study, we investigated the electrochemical behavior of MTMIQ over a wide pH range (2.0-8.5) in buffered aqueous media. The studied electrolytes included citrate, phosphate -citrate, Britton -Robinson, and borax buffers. The oxidation peak currents were recorded in the studied pH range and changed according to Fig. 1 . Fig. 1 shows that the voltammetric signal is strongly pH dependent. Also the potential peak has shifted with increasing pH to a more negative potential which confirms that the oxidation process runs more smoothly under a middle-acid medium. The best response (with regard to the peak current sensitivity and morphology) was obtained with the citrate buffer at pH of 5. To explain the electrode mechanism, an additional experiment was performed according the procedure discussed previously in section 2.4. The accumulation potential of 0.75 V was chosen to receive the oxidation products on the surface of the working electrode. The spectroscopic analysis of the products provided an opportunity to uncover a possible pathway of the MTMIQ electrochemical behavior at the electrode. The recorded oxidation peak current was recognized as the signal of MTMIQ oxidation. The oxidation reactions proceeded according to the proposed mechanistic pathways in Scheme 2.
3.3
1 H-NMR spectrum of the electrode deposit showed a lack of the characteristic isoquinoline pattern at 7.92-8.97 ppm as in 2 or 7.50-9.19 ppm found in isoquinoline and instead the presence of the benzene at 7.09-7.36 ppm and the vinylic pattern at 4.85-6.62 ppm which indicates that the oxidative transformation occurred at the heterocyclic pyridine ring of the isoquinoline derivative. Moreover, the possible oxidation of sulfur atom in the methylthiomethylene moiety did not occur due to the lack of the methylsulfinyl peak at 2. 
Spectroscopic analysis of the electrode deposit and mechanistic considerations
Electrochemical oxidation of methylthiomethyleneisoquinolinium chloride -the first water soluble alkylthiomethylene substituted ammonium salt of the electrode deposit obtained after evaporation of chloroform, revealed a major peak at m/z=288 due to 6 and a minor peak at m/z=316 due to 13. Separation of these two dimeric isoquinol-2-one products obtained in minute quantities was not possible by chromatographic techniques due to their structural similarity. Formation of the amide bond in 6 and 13 was supported by the IR spectrum (film after evaporation from the methylene chloride solution) revealing the characteristic 1734 cm -1 amide band. The proposed mechanistic pathways for the formation of structures 6 and 13 have been depicted in Scheme 2. The first thing to be established was the kind of species present in the citrate buffer before electrochemical treatment. The salt was dissolved in the citrate buffer and after a few hours, solid NaCl was added until saturation and the resulted solution was then extracted with chloroform, dried and evaporated. The product was analyzed by MS-CI(isobutane) and FAB(+)(Cs + ,13 keV) in order to identify both the neutral and charged species. The MS analysis of the crude product showed the existence of two equilibria, 2/7 and 2/3, indicating substitution and addition reactions of water to the structure 2 to give 1 and 3. The MS-CI spectrum showed the formation of isoquinoline 1 (CI: m/z=130, M+1) and methyltiomethanol 7 (CI: m/z=61, M+1-H 2 O, MeSCH 2 + ). The MS-FAB spectrum, on the other hand, revealed the unchanged salt 2 (MS-FAB: m/z=190) and formation of the protonated isoquinoline 1 under a citrate buffer (MS-FAB: m/z=130) undergoing addition of water to give 8 (m/z=148, M+1). The latter may be electrochemically oxidized to 6 (m/ z=288). This product 6 may be also formed from the electrochemical oxidation of 3, obtained from the second equilibrium 2/3 (3: m/z=207), via formation of the radical cation 4 and the dimerizing radical 5. The transformation of 4 to the second electrode deposit product 13 (m/z=316) may proceed via 9-11 intermediate species including a keto-enol 11/12 equilibrium (Scheme 2).
3.4
In order to develop a voltammetric method for MTMIQ determination using the oxidation current peak at potential about 0.07 V, the square wave voltammetry technique was selected because it provided one of the most selective and sensitive measurements. The influence of amplitude and frequency on the SWV peak current was studied. Typical SW voltammograms obtained in the potential window from -1V to 1.2V during quantitative studies are given in Fig. 2 The applicability of the SWV as an analytical method for determination of MTMIQ was tested as a function of its concentration in the range of 1×10
-5 -1×10 -4 mol L -1 . The linear dependence of oxidation peak current on the MTMIQ concentration was detected in the concentration range of 2×10
-5 -8×10 -5 mol L -1 . Six measurements series for MTMIQ concentrations in the range of 2×10 -5 mol L -1 -8×10
-5 mol L -1 (Fig. 2) were performed and the analytical characteristics of the voltammetric observations are found in Table 1 .
The detection and quantification limits were calculated using the equations LOD= 3SD/b and LOQ =10SD/b respectively, where SD is the standard deviation and b is the slope of the calibration curve [12] .
Precision and accuracy of the method were investigated by using different concentrations of MTMIQ in the linear range. The results are presented in Table 2 .
Conclusion
Methylthiomethyleneisoquinolinium chloride, the alkylthiomethylene substituted ammonium salt, was electrochemically studied for the first time using square wave voltammetry. A well-shaped peak of the oxidation current was detected in the buffer medium with a pH range between 2.0 to 8.5. Mechanistic pathways of the oxidation have been proposed on the basis 2.00 1.76 ± 0.003
Electrochemical oxidation of methylthiomethyleneisoquinolinium chloride -the first water soluble alkylthiomethylene substituted ammonium salt of spectroscopic analysis of accumulated oxidation products at the working electrode and were supported by SWV measurements. It was stated that the possible oxidation of the sulfur atom in the methylthiomethylene moiety did not occur due to the lack of MS parent peaks corresponding to sulfoxide and sulfone as well as the lack of methylsulfinyl and methylsulfonyl peaks in the 1 H NMR spectrum. The voltammetric signal is probably connected with electrochemical oxidation of the 1H-isoquinolinols 3 and/or 8 obtained from two identified equilibria.
The method of MTMIQ voltammetric determination was elaborated. The results of precision and recovery are sufficiently accurate and can confirm the correctness of the method.
